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Carbohydrate epimerases are found in all living organisms and play crucial roles in numerous biochemical pathways as recently reviewed (1) . The ability of an organism to invert stereochemistry at a specific chiral center of a carbohydrate can determine its potential to utilize a particular carbon source, form a functional cell wall, and/or act pathogenically towards a host (2) . Due to the diverse nature of both the chemical composition of carbohydrates and their various metabolic roles, several different epimerization mechanisms have evolved. These mechanisms can be broadly classified into two categories: those that function on activated carbon centers lying adjacent to carbonyl, carboxylic acid or ester functional groups, and those that epimerize unactivated carbon centers.
Perhaps the best characterized member of the latter group, both kinetically and crystallographically, is UDP-galactose 4-epimerase (3, 4) . This enzyme plays a key role in the Leloir pathway for galactose metabolism by interconverting UDP-galactose and UDP-glucose. The proposed catalytic mechanism of this epimerase involves several key features: (1) UDP-galactose 4-epimerase belongs to a subclass of NAD(P)-dependent enzymes referred to as the short-chain dehydrogenases/reductases (5).
Members of this family contain a characteristic Tyr-XXX-Lys motif in which the conserved tyrosine is thought to play a key role in catalysis. Other proteins belonging to this subfamily include dTDP-D-glucose 4,6-dehydratase (6), GDPmannose 4,6-dehydratase (7, 8) , and ADP-L-glycero-D-manno-heptose 6-epimerase (9), among others. Alignments of the amino acid sequences for these enzymes with the Swiss-Prot databank indicate that they share at least 20 % and 40 % sequence identity and similarity, respectively. On the basis of such amino acid sequence alignments another member of the superfamily has recently been identified, namely CDP-tyvelose 2-epimerase (10).
CDP-tyvelose 2-epimerase, hereafter referred to simply as tyvelose epimerase, is involved in the synthesis of tyvelose, a 3,6-dideoxyhexose that occurs in the O-antigens of some types of Gram-negative bacteria (11) .
Tyvelose is produced via a complex biochemical pathway that employs CDP-Dglucose as the starting ligand. The last step in the pathway, the conversion of function in anchoring the CDP moiety into the active site. The x-ray analysis described here defines both the quaternary structure of tyvelose epimerase and its active site geometry, and confirms that the enzyme belongs to the short chain dehydrogenase/reductase superfamily.
EXPERIMENTAL PROCEDURES
Cloning of the Tyvelose Epimerase Gene. from a global fit of 9 data sets containing 1246 points was 154,000 indicating that the quaternary structure of tyvelose epimerase is tetrameric.
Crystallization of Native and Selenomethionine-labeled Tyvelose
Epimerase. Prior to crystallization, the protein was diluted to 13 mg/ml with 20 mM HEPPS (pH 8.0), and 200 mM NaCl and CDP was added to a final concentration of 5 mM. Potential crystallization conditions were examined with a sparse matrix screen composed of 144 conditions at both room temperature and 4 °C via the hanging drop method of vapor diffusion. Single crystals were observed at room temperature at pH 5 -6 with 10 % poly(ethylene glycol) 8000.
Refinement of the crystallization conditions led to large single crystals grown at room temperature with precipitant solutions of 4 -6% poly(ethylene glycol) 8000, 250 mM tetramethylammonium chloride, and 100 mM succinate (pH 5.5). These crystals were then transferred to 4 % ethylene glycol, 14 % poly(ethylene glycol) 8000, 325 mM NaCl, 300 mM tetramethylammonium chloride, 5 mM CDP and 100 mM succinate (pH 5.5) for 30 seconds, followed by a final transfer to 15 % ethylene glycol, 20 % poly(ethylene glycol) 8000, 400 mM NaCl, 300 mM tetramethylammonium chloride, 5 mM CDP, and 100 mM succinate (pH 5.5).
Subsequently, the crystals were flash-cooled to -150°C in a stream of nitrogen gas. Frozen crystals were stored under liquid nitrogen until synchrotron beam time became available. X-ray data sets from both the native protein and the selenomethionine-substituted enzyme crystals were collected on a 3 x 3 tiled "SBC3" CCD detector at the Structural Biology Center 19-BM beamline (Advanced Photon Source, Argonne National Laboratory, Argonne, IL). The xray data were processed with HKL2000 and scaled with SCALEPACK (14) .
Relevant X-ray data collection statistics are presented in Table I . 
Comparison of tyvelose epimerase with UDP-galactose 4-epimerase.
Tyvelose epimerase is highly homologous to both UDP-galactose 4-epimerase from E. coli (27% identity and 43% similarity), and human UDP-galactose 4- where F o was the native structure factor amplitude and F c was the calculated structure factor amplitude from the model lacking the coordinates for the ligand.
The map was contoured at 3 σ. The molecular architecture of the subunit can be envisioned as two lobes, as indicated in blue and green. The active site is wedged between these two lobes. 16.2 a R-factor = (Σ|F o -F c | / Σ|F o |) x 100 where F o is the observed structure-factor amplitude and F c is the calculated structure-factor amplitude. b This value includes multiple conformations for H44, S76, V84, N126, T145, Q158, I182, N186, S247, T314, N315 in Subunit I; S19, V271, T294, S337 in Subunit II; K3, T125, Q158, T251, L276, T314 in Subunit III; and S19, K62, Q158, T314, K322 in Subunit IV. c The torsional angles were not restrained during the refinement.
